Abstract We undertake a petrologically driven approach to jointly model magnetotelluric (MT) and seismic surface wave dispersion (SW) data from central Tibet, constrained by topographic height. The approach derives realistic temperature and pressure distributions within the upper mantle and characterizes mineral assemblages of given bulk chemical compositions as well as water content. This allows us to define a bulk geophysical model of the upper mantle based on laboratory and xenolith data for the most relevant mantle mineral assemblages and to derive corresponding predicted geophysical observables. One-dimensional deep resistivity models were derived for two groups of MT stations. One group, located in the Lhasa Terrane, shows the existence of an electrically conductive upper mantle layer and shallower conductive upper mantle layer for the other group, located in the Qiangtang Terrane. The subsequent one-dimensional integrated petrological-geophysical modeling suggests a lithosphere-asthenosphere boundary (LAB) at a depth of 80-120 km with a dry lithosphere for the Qiangtang Terrane. In contrast, for the Lhasa Terrane the LAB is located at about 180 km but the presence of a small amount of water in the lithospheric mantle (<0.02 wt%) is required to fit the longest period MT responses. Our results suggest two different lithospheric configurations beneath the southern and central Tibetan Plateau. The model for the Lhasa Terrane implies underthrusting of a moderately wet Indian plate. The model for the Qiangtang Terrane shows relatively thick and conductive crust and implies thin and dry Tibetan lithosphere.
Introduction
The Himalaya-Tibetan orogen is one component of the Alpine-Himalayan convergence zone created by the closure of the Tethys Ocean between Laurasia and Gondwana. This ongoing convergence is causing the rheologically more rigid Indian plate to collide with the weaker Tibetan Plateau, which comprises several terranes that were progressively accreted to Eurasia and is bounded to the north by the Kunlun Shan and to the south by the Himalayas [Allègre et al., 1984; Dewey and Bird, 1970; Dewey et al., 1988] . The tectonic history of Tibet is a prolonged history of terrane accretion lasting over 250 million years. Several deformation models of the region have been proposed in the literature to explain the elevation of the plateau; simple Argand-type models of an underthrusting Indian plate [Argand, 1924; Ni and Barazangi, 1984] , lithospheric subduction [Willett and Beaumont, 1994; Tapponnier et al., 2001; Tilmann et al., 2003] , rigid blocks models where the collision is dominated by strike-slip and normal faulting [Molnar and Tapponnier, 1977] , and models where the convergence is accommodated by either crustal [Royden et al., 1997 , Shen et al., 2001 or lithospheric [e.g., Houseman and England, 1986] ductile flows.
Crustal and upper mantle geophysical images of the Lhasa Block and Qiangtang Block in central Tibet (Figure 1) , and of the Banggong-Nujiang Suture (BNS) separating the two, play an important role in developing our understanding of this continental collisional process [e.g., Girardeau et al., 1984; Taylor, 2003] . In particular, the presence and lateral and vertical extent of the Indian lithosphere beneath Tibet is highly debated in the literature [e.g., Zhao et al., 2011; Searle et al., 2011] . The InterNational DEep Profiling of Tibet and the Himalaya (INDEPTH) project in central Tibet revealed a large, high-velocity anomaly south of the BNS [Tilmann et al., 2003; Li et al., 2008a] , consistent with Indian continental lithosphere underthrusting as far north Integrated, self-consistent geophysical-petrological joint modeling of both seismological and electromagnetic data, simultaneously including the constraints offered by topography and heat flow, has the potential to yield superior inferences than using either of them independently due to their different sensitivities to temperature and composition (i.e., modal mineralogy and water content). Central Tibet, represented by the Lhasa and Qiangtang Blocks, offers an excellent natural laboratory for testing such approaches, given the high-quality seismological and MT data available as a consequence of the INDEPTH project and other studies [e.g., Mechie et al., 2004] . The resulting models derived from the
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integrated approach are interpreted in terms of the tectonic evolution of the crust and upper mantle below the central Tibetan Plateau.
Geological Setting
The tectonic blocks that dominate the Tibetan Plateau were formed during Phanerozoic time as micro continental fragments accreted to the southern Asian margin. The Cenozoic Tibetan Plateau was created by the continent-continent collision between the northward moving Indian plate and Asia [Dewey et al., 1988] , and the tectonics of the Plateau is dominated by four major terranes. From north to south these are the Songpan-Ganzi, Qiangtang, Lhasa, and Himalaya Terranes. All are separated by major sutures (Figure 1 ) [Yin and Harrison, 2000] . Terrane accretion was initiated in the late Permian when the northernmost subterrane of the Songpan-Ganzi Terrane accreted to the Kunlun (Tarim) Terrane of southern Asia along the Kun-Qinling Suture. Songpan-Ganzi terrane accretion was completed in the late-Triassic/ Jurassic period. The Qiangtang Terrane is bounded to the north by the late-Triassic/Jurassic Jinsha Suture and to the south by the Banggong-Nujiang Suture (BNS) [Girardeau et al., 1984; Taylor, 2003] . The late-Jurassic BNS separates the Qiangtang and Lhasa terranes and trends approximately east-west across the interior of the Tibetan Plateau. Finally, the Himalaya Terrane sutured against the Lhasa Terrane along the (Yarlung-)Indus-Zangbo suture [Yin and Harrison, 2000] . The Indian plate to the south of the Himalaya Terrane continues to move northwards relative to Asia at about 5 cm per year Gan et al., 2007] .
The main Lhasa Block rock units exposed in the Lhasa Terrane are Jurassic-Cretaceous sedimentary and igneous rocks, volcano-sedimentary sequences, with minor Ordovician, Silurian, and Triassic limestones, the Cretaceous to early Tertiary Gangdese batholiths, and Triassic and Jurassic sedimentary deposits [Kapp et al., 2005; Zhu et al., 2009] . The Qiangtang Terrane is characterized by predominantly metamorphic rocks and Late Paleozoic (Carboniferous and Permian) shallow marine strata in the west, and by Triassic-Jurassic shallow marine carbonate rocks interbedded with terrestrial clastic and volcaniclastic strata in the east [Yin and Harrison, 2000] .
There are several possible scenarios that would account for the accommodation of the intracontinental lithospheric convergence in this region. One of the basic convergence models is northward subduction of Indian, and possibly southward subduction of Asian, lithospheric mantle under Tibet [Willett and Beaumont, 1994; Kind et al., 2002] . Tapponnier et al. [2001] have proposed oblique subduction of Asian lithospheric mantle from the north that reactivated the Kunlun, Jinsha, and Banggong-Nujiang Suture (BNS) zones, with lateral extrusion in the form of the translation of discrete crustal blocks. Also, scenarios where the Indian Plate underthrusts the Himalayas and most of south and western Tibetan Plateau are widely proposed [Argand, 1924; Ni and Barazangi, 1984; Owens and Zandt, 1997] . In central Tibet as far north as the BNS, a subvertical high velocity zone down to a depth of 400 km is interpreted as downwelling Indian lithospheric mantle [Tilmann et al., 2003] . Homogeneous viscous lithospheric thickening [Houseman and McKenzie, 1981; Dewey et al., 1988] , with convective removal of lithospheric mantle, has been proposed to explain the eastwest extension of the Tibetan Plateau [Molnar et al., 1993, Platt and England, 1994] , where the thickened lower lithosphere became convectively unstable and was replaced by upwelling hot asthenospheric material. Lithospheric thinning correlated with increasing topography in the Tibetan Plateau, as a consequence of rapid large-scale lithosphere removal, was also supported by joint 2-D modeling of gravity, topography, surface heat flow, and geoid data, using geological and seismic data in the crust as constraints [Jim enezMunt and Platt, 2006; Jim enez-Munt et al., 2008] .
However, from a petrological point of view the heterogeneous spatial and temporal distribution of the magmatism in the Tibetan Plateau is not indicative of a delamination process [Searle et al., 2011; Williams et al., 2004] . Tomographic models computed with surface waves in the data set [e.g., Priestley et al., 2008; Schaeffer and Lebedev, 2013] show low velocities in the upper few tens of kilometers of the mantle beneath central and northern Tibet, but high velocities in the upper mantle below. Some of the teleseismic body-wave tomographic models, however, do not show high velocities beneath central and northern Tibet [Li et al., 2008a] Tibet that may be forming a craton, with strong radiogenic heating within the thickened crust giving rise to the observed lower crustal shear-wave velocities.
Geophysical Setting
The lithosphere in the collision zone has been imaged across the whole Tibetan Plateau by several international geophysical projects, primarily seismological ones [PASSCAL: Owens et al., 1993; Sol et al., 2007; HI-CLIMB: Het enyi et al., 2007; N ab elek et al., 2009; INDEPTH: Nelson et al., 1996; Zhao et al., 2001; ASCENT: Sandvol et al., 2008; Yang et al., 2012] . The seismic discontinuity signatures of the Indian lower crust and lithosphere in receiver-function data extend north of the basal Main Frontal Thrust (MFT), with the Indian Moho disappearing close to the BNS for central Tibet at a longitude of around 85 [N ab elek et al., 2009] . There are interpretations based on seismic data of eclogitization of the Indian lower crust due to underthrusting [Het enyi et al., 2007] , but these are not supported by gravimetric density modeling in central-south Tibet [Bai et al., 2013] . The receiver function studies of underthrusting Indian lithospheric mantle northern boundary represented by the deep north-south oriented profiles have been interpreted to suggest that the lithosphere does not follow the surface trace of major crustal suture zones [Kind and Yuan, 2010; Zhao et al., 2010] . North of the BNS, the central and northeastern parts of the Tibetan plateau exhibit high-frequency Sn-wave attenuation in the uppermost mantle [Barazangi and Ni, 1982; McNamara et al., 1995; Barron and Priestley, 2009] , which suggests either thin Tibetan lithosphere, or a weak and warm lithosphere that could act as a deformable zone within the Indian-Asian collision. Surface-wave dispersion data require relatively low shear-wave speeds in the top few tens of kilometers of the upper mantle beneath central and northern Tibet, consistent with a warm and thin mantle lithosphere [Tilmann et al., 2003; Liang et al., 2012; Agius and Lebedev, 2013] , which is in stark contrast with the cold, thick Indian lithosphere underthrusting beneath the Himalaya and southwestern Tibet [Huang and Zhao, 2006; Li et al., 2008a] .
Crustal thickness in the Tibetan plateau is well constrained by several deep seismic soundings, refraction/ reflection lines, and broadband teleseismics [Ross et al., 2004; Zhao et al., 2008; Xiong et al., 2009] . The deepest reported Mohorovičić discontinuity (Moho) is located in the West Kunlun (about 90 km) [Wittlinger et al., 2004] and the shallowest in the West Qinling (49 km) [Gao et al., 2005] . For our study regions, the Moho depths according to receiver-function studies [Kind et al., 2002; Kumar et al., 2006] and deep seismic soundings [Zhao et al., 2001; Zhang and Klemperer, 2010] are 66 km for the Qiangtang Terrane and 75 km for the Lhasa Terrane [Kind et al., 2002; Li et al., 2006] .
A number of MT studies have been undertaken with the aim of describing the subsurface vertical and lateral distribution of electrical conductivity within the crust and uppermost mantle beneath Tibet. These were initiated with the Sino-French studies in the early 1980s [Pham et al., 1986] and were continued with INDEPTH since 1995 [e.g., Chen et al., 1996; Wei et al., 2001; Solon et al., 2005; Spratt et al., 2005; Unsworth et al., 2005; Le Pape et al., 2012; Wei et al., 2014] . Several zones of high electrical conductivity within the Tibetan crust south of the Kunlun Fault have been observed; the geometries and boundaries of some of these are associated with major tectonic sutures. The conductive zones are explained by various temperature-driven mechanisms, including aqueous (hydrothermal) fluids, partial melting, or a combination of the two [Partzsch and Schilling, 2000; Li et al., 2003; Pommier and Le-Trong, 2011] . Aqueous fluids and partial melt play an important role in active continental collision processes, for instance in the eclogitization of lower crust [Leech, 2001; Zheng et al., 2011] or channel flow in the middle and lower crust [Bird, 1991; Royden et al., 1997; Clark and Royden, 2000] . Two ''channels'' of higher conductivity observed in central and eastern Tibet were taken to indicate crustal flow and shearing as a result of deformation in the crust [Nelson et al., 1996; Bai et al., 2010] and upper mantle; widespread crustal low-velocity zones were detected [Rapine, 2003; Klemperer, 2006; Xu et al., 2007] . Conductance estimates from these zones, together with laboratory studies of partial melt conductivity, allowed estimation of effective viscosities with corresponding flow velocities [Rippe and Unsworth, 2010] , and predicted flow velocities of the order 1 cm/yr.
Method
We undertake an integrated geophysical-petrological approach to forward model the topography, MT and surface-wave data by trial-and-error using the method of Afonso et al. [2008] the lithosphere and sublithospheric upper mantle within an internally consistent thermodynamicgeophysical framework, where all relevant properties are functions of temperature, pressure, and composition. The LitMod approach has been described in detail elsewhere [e.g., Afonso et al., 2008; Fullea et al., 2009 , Fullea et al., 2011 Fullea et al., 2012; Fullea et al., 2014; Jones et al., 2014] , to which the interested reader is referred; here we only present a general overview of the fundamentals for completeness. Below we discuss various pertinent aspects of the modeling. For more details on the MT and surface-wave calculations, the reader is referred to Fullea et al. [2011] , Jones et al. [2012] , and Fullea et al. [2012] .
The Lithosphere-Asthenosphere Boundary
The lithosphere-asthenosphere boundary (LAB) has been characterized according to different geophysical proxy parameters: seismic velocities, seismic anisotropy, temperature, composition, and electrical resistivity [e.g. Eaton et al., 2009] . It divides the outermost, cold, relatively rigid lithospheric layer of the Earth from the warmer and rheologically weaker sublithospheric asthenospheric mantle. In this study, we assume a definition of the LAB that is based solely on the temperature and its gradient and compositional distributions. Accordingly, the lithospheric mantle is here defined (i) thermally, as the portion of the mantle characterized by a conductive geotherm, and (ii) compositionally, as the portion of the mantle characterized by different (more depleted) composition with respect to the fertile primary composition in the sublithospheric mantle (i.e., Primitive Upper Mantle (PUM) composition McDonough and Sun, 1995, see Table 1 ).
The Steady State Geotherm
The lithospheric geotherm is computed under the assumption of steady state heat transfer in the lithospheric mantle, considering a P-T-dependent thermal conductivity [Afonso et al., 2008; Fullea et al., 2009] . To avoid discontinuities in the thermal gradient at the base of the lithosphere, a buffer or transitional layer between the conductive lithosphere and the convective sublithospheric mantle is considered. This buffer zone, located immediately below the lithospheric domain, is assumed to be 40 km thick (or thicker if the lithospheric mantle is thicker than 60 km) and plays the role of a rheologically active layer where heat transfer is controlled by both conduction and convection, and is parameterized as a continuous linear superadiabatic gradient. In the sublithospheric mantle, the geotherm is given by an adiabatic temperature gradient required to lie within the range 0.35-0.6 C/km [see Appendix A2 in Fullea et al., 2009, for details] .
Thermodynamic Framework
Stable mineral assemblages in the mantle are calculated using a Gibbs free energy minimization as described by Connolly [2005] . The composition is defined within the NCFMAS (Na 2 O-CaO-FeO-MgO-Al 2 O 3 -SiO 2 ) major oxide system. All the stable assemblages in this study were computed using a modified version of the thermodynamic database of Holland and Powell [1998] [see Afonso and Zlotnik, 2011] . The density and seismic velocities in the mantle were determined according to the elastic moduli and density of each end-member mineral, as described by Connolly and Kerrick [2002] and Afonso et al. [2008] . Anelasticity effects are of primary importance to accurately determine seismic velocities, particularly at high Geochemistry, Geophysics, Geosystems temperatures [e.g., Karato, 1993; Cammarano et al., 2003; Afonso et al., 2010] . Anelasticity is computed as a pressure-temperature-dependent correction to the anharmonic output velocities [e.g., Minster and Anderson, 1981; Karato, 1993; Afonso et al., 2005] . The effects of other parameters on the anelasticity correction applied here have been explored elsewhere , with the conclusion that grain size and activation volume in the lower bounds of ranges based on laboratory observations [e.g., Faul and Jackson, 2005] predict too low-shear wave quality factor Qs with too low Vs velocities. The upper bounds indicate a moderate negligible increase in Vs compared to standard values of grain size and activation volume used in this study. The bulk electrical conductivity is computed according to modal mineral distribution, temperature, and water content [Fullea et al., 2011 , based on conductivity models from laboratory experiments to measure the electrical properties of many of the mantle minerals under various conditions.
Geophysical Observables and Primary Crustal Modeling
The focus of this paper is on the first-order thermal and compositional structure of the lithospheric mantle beneath the two study regions in central Tibet, i.e., thicknesses and hydrous states of the lithosphere north and south of the BNS (Figure 1 ). However, crustal structures play a crucial role in MT and surface-wave data modeling, even for the long periods that are primarily sensitive to deep structure. Therefore, prior to the coupled geophysical-petrological modeling of the mantle, we independently inverted the MT and surfacewave data for the resistivity and seismic velocity distributions respectively in the thickened Tibetan crust. MT responses are insensitive to crustal density, and surface waves are less sensitive to density than they are to seismic velocities at depth. However, topography is extremely sensitive to assumptions made about crustal density and its distribution [see, e.g., Jones et al., 2014] .
Magnetotelluric (MT) Data
MT data collected during Phase III of the INDEPTH project along line 500 (see Figure 1 ) are reexamined and remodeled in this study. In order to reduce unwanted local distortion effects in the original MT impedance tensors, dimensionality [e.g., Simpson and Bahr, 2005; Mart ı et al., 2009; Jones, 2012] , and regional strike [Groom and Bailey, 1989] analyses of the data are required after primary processing. Based on the distribution of sites along the profile, we used the McNeice and Jones [2001] multisite, multifrequency extension of the GroomBailey MT tensor decomposition technique [Groom and Bailey, 1989 ] to determine the dominant geoelectric regional strike for several frequencies and Niblett-Bostick [Jones, 1983] depth ranges. The resulting magnetotelluric transverse electric (TE) and transverse magnetic (TM) mode data were decomposed to a newly defined regional azimuth angle of E10 S (i.e., N100 E) for line 500. The uncertainties for the TE and TM apparent resistivities and phases were determined by a bootstrap procedure involving hundreds of realizations of recovered parameters fitting decomposition models of measured impedance elements to determine the scatter of the values [McNeice and Jones, 2001] . The apparent resistivity and phase error floors are set to 3%. Corrections for static shift were applied based on previous 2-D MT modeling (Vozar et al., Three-dimensional structures and geometries of central Tibetan Plateau from INDEPTH magnetotelluric data, submitted to Journal of Geophysical Research, 2014). As a final analysis step, quality checks of the TM and TE decomposed data were performed by testing the consistency of the apparent resistivities and phases with theoretical predictions from the best fitting Rho 1 model [Parker and Booker, 1996] , as demonstrated by e.g. Spratt et al. [2005] .
A subsection of the MT stations along the INDEPTH 500 line was selected for integrated modeling of the mantle structure (marked by circles in the north (purple -ii) and south (red -i) in Figure 1 ). Based on skin depth and consistency considerations, MT data for the TE mode, which is more sensitive to LAB depth than the TM mode [Berdichevsky and Dmitriev, 2008] , in the Lhasa Block and the Qiangtang Terrane were selected for integrated modeling. The TE mode responses are induced by approximately east-west flowing currents that are aligned with the geological strike seen at the surface. Data from stations within the two groups (i.e., Lhasa and Qiangtang) exhibit significant similarities in their sounding curves ( Geochemistry, Geophysics, Geosystems
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We inverted INDEPTH MT data at the selected stations ( Figure 2 ) using an Occam inversion scheme [Constable et al., 1987] that solves the regularized problem by trading off data misfit and model roughness using Tikhonov regularization. Specifically, we used the Occam 1-D inversion of TE and TM modes of decomposed MT data as implemented in the WinGLink V C package. For all stations, we used an identical starting model; a 100 Xm layered halfspace. As described by Berdichevsky and Dmitriev, [2008] the pseudo-2-D model, created through stacking the individual 1-D models, shows that the 1-D TE models are more consistent from site to site along the profile than the TM models. The 1-D TE models at almost all sites are consistent as conductive structures in the crust and upper mantle can be followed laterally with varying thickness and depth ( Figure 3) . It is likely that 1-D TM inversion models are affected by distortion in the southern (Lhasa Block) and middle (BNS) parts of the profile due to the presence of the resistive Gangdese batholith.
In Figures 2 and 3 , the 1-D models and primary MT data show the consistencies between the data and 1-D TE models. The impedance phases and apparent resistivities are very similar in the Lhasa Block at long periods (>30 s) that are sampling mantle structure. The selected 1-D models from the Qiangtang Block exhibit higher heterogeneity than those in the Lhasa Block, although again for the longest periods sampling the mantle (> 300 s) the sounding curves become very similar. We focused on the most robust stations, i.e. as far away as possible from the complicated structures in the BNS zone, with the deepest possible penetration. Other sites in Qiangtang were selected based upon their positions in the area between the Shuanghu Suture (dividing Qiangtang to eastern and western) and the BNS. This area better corresponds to the Qiangtang seismic data. 1-D models based on the averages of four 1-D models for the Lhasa Block and three models for the Qiangtang Block are shown in Figure 4 . The error bars on the models in Figure 4 represent the standard deviation between the averaged models. The conductive layers visible in the mantle, denoted by the red arrows in Figure 4 , are likely to be associated with the electrical LAB (eLAB). They are located at a depth greater than 200 km for the Lhasa Terrane, whereas for the Qiangtang Terrane they are located less than 180 km deep. For final integrated modeling, we selected the best quality MT data (TE mode) from selected sites, i.e. station 512 for the Lhasa Block and station 577 for the Qiangtang Block. The range of all models is presented as the gray background trace in the resistivity petrological models in Figures 5 and 6. Geochemistry, Geophysics, Geosystems
Surface-Wave (SW) Data
Both Rayleigh and Love waves, the two surface-wave types, are dispersive and sample deeper structure at longer periods. For example, Rayleigh waves sample the upper and middle Tibetan crust at 10-20 s periods and mainly the 70-150 km depth interval at 70-80 s periods, whereas Love waves are sensitive from the surface down to 40 km depth at the shorter periods (10-20 s) and from the surface to 100 km depth for the longer periods (70-80 s) [e.g., Agius and Lebedev, 2013] . Surface-wave measurements in broad period ranges can thus be used in order to resolve the trade offs between crustal and mantle structure in an inversion, in an analogous fashion to MT responses in different periods bands. Phase velocities of surface waves depend primarily on the composition and temperature of the crust and mantle, but also depend on anisotropic fabric within them. Measurements of both Rayleigh and Love wave velocities are required in order to determine radial anisotropy and derive the isotropic-average shear-wave speeds that are related directly to the temperature and composition of the rocks at depth.
Phase velocities of Rayleigh and Love waves in broad period ranges were determined recently for a selection of station-station pairs across Tibet [Agius and Lebedev, 2013 ] using a combination of cross-correlation and multimode-waveform inversion approaches, with data from stations of various recent broad-band experiments. The accurate, broadband interstation phase-velocity curves were computed by averaging over tens to hundreds of single-event measurements for each station pair, using earthquakes in different source regions. Dispersion curves from neighboring pairs of stations showed close similarity within a number of subregions within Tibet, including the central Lhasa and central Qiangtang terranes. The phase-velocity curves that we use here for these regions are averages over the phase-velocity measurements from the multiple station pairs within them (Figure 1 ). The Rayleigh-wave and Love-wave dispersion curves were inverted simultaneously for 1-D profiles of the isotropic-average shear speed Vs 5 (Vsh 1 Vsv)/2 and radial anisotropy, (Vsh 2 Vsv)/2, where Vsv and Vsh are the vertically and horizontally polarized shear speeds, respectively [Agius and Lebedev, 2013, and references therein] . Compressional velocity, Vp, which has a nonnegligible influence on the Rayleigh-wave phase velocity, was assumed isotropic. The models comprised seismic-velocity perturbations from the surface down to the shallow lower mantle, with the surface topography taken into account.
The inversion results are fundamentally nonunique, and a suite of models can fit the surface-wave data equally well [Agius and Lebedev, 2013] . In order to represent the crustal shear velocity and the radial anisotropy profiles beneath central Lhasa and central Qiangtang in the integrated modeling, we chose representative single models based on the low misfit they provided and on their smoothness (nonoscillatory depth dependence) (Figures 5 and 6 , gray background lines).
5.3. Topography, Surface Heat Flow (SHF), Density, and Thermal Parameters In addition to fitting the MT data and surface wave dispersion curves, we constrain our ranges of acceptable models to those that yield surface topography and surface heat flow values consistent with observations. The modeled topography has been taken from elevation information at MT sites (Lhasa: from 4750 to 5030 m, Qiangtang: from 4883 to 5023 m) and varies approximately 6200 m in the area around the modeled sites. The topography provides information on the integrated density of the lithosphere, including the crust. Our calculated values of surface heat flow (SHF) are compared with measurements in the Tibetan plateau and from the global data set [Francheteau et al., 1984; Jaupart et al., 1985; Pollack et al., 1993; Tao and Shen, 2008] . Unfortunately, the coverage and quality of SHF data for central Tibet is poor (just one site in the Qiangtang Terrane) and they include measurements on lake bottoms. The high SHF in some parts of Tibet (>100 mWm 22 ) has been attributed to shallow magma intrusions from metamorphic dewatering of the thickened Tibetan crust caused by radiogenic heating, and they yield little information on the mantle heat flow [Jaupart et al., 2007] . Indirect thermal data provide seismic detection of the a-b quartz transition zone [Mechie et al., 2004] , which implies approximately 700 C at a depth of about 18 km north of the BNS (i.e. the southern Qiangtang block) and 800 C at a depth 32 km south of the BNS (the northern Lhasa block). In order to constrain the density distribution within the lithosphere, inversions of surface-wave data need to incorporate additional information, such as surface topography (assuming local isostasy) . The density distributions in our models are based on previous geophysical studies [Jim enez-Munt and Platt, 2006; Jim enez-Munt et al., 2008; Bai et al., 2013] and seismic velocities obtained along seismic profiles [Zhao et al., 2001; Haines et al., 2003; Zhao et al., 2001; Zhang and Klemperer, 2010] in the study area by using the velocity-density relation of Christensen and Mooney [1995] . The average crustal density is an important parameter for fitting modeled data and tests of density ranges are discussed below. The crustal thickness is based on previous seismic studies (see section 3), local isostasy balance considerations, and fitting of MT and surface-wave data, which is part of the mantle modeling (Figures 7a and 7b) . In Table 2 , we present the average main mechanical and thermal parameters (crustal density, radiogenic heat production coefficient, and thermal conductivity) for the Qiangtang and Lhasa Terranes used in our modeling. Other observables suitable for 1-D modelling (such as geoid heights) are affected in our case by strong 2-D and 3-D trends and are therefore not included here. 
Lithospheric Mantle Modeling Results
In order to isolate the mantle contribution to the geophysical observables, we have assumed a fixed crustal structure (i.e., fixed crustal seismic velocities, electrical resistivity, and density) as described above (sections 6.1 and 6.2). Bulk mantle composition is a second-order parameter in MT and surface-wave computations with respect to temperature or water content [e.g. Fullea et al., 2011; Fullea et al., 2012; Jones et al., 2012] . In this work, we consider different compositions based on xenolith data from western Lhasa [Liu et al., 2011] as well as global average garnet peridotite values based on Asian mantle xenolith data [Ionov, 2002; Barry et al., 2003] (Table 1) . We selected xenoliths from Mongolia because they correspond to an average garnet (Table 1) .
Geochemistry, Geophysics, Geosystems peridotite (typical Phanerozoic composition) only moderately depleted with respect to PUM composition of the sublithospheric mantle, whereas the xenoliths from Sailipu in west Lhasa are Fe-rich spinel harzburgites with varying amounts of water.
The presence of even small amounts (tens of ppm) of water in the mantle (i.e., hydrogen that upon bonding with oxygen atoms in the silicate structure forms measurable hydroxyl groups) plays an important role in its rheological and electrical properties [Yuen et al., 2007; Karato, 2010; Fullea et al., 2011; Jones et al., 2012] . The effect of water on the electrical conductivity of the upper mantle nominally anhydrous minerals is the cause of intense debate in the literature [e.g. Dai and Karato, 2009; Yoshino, 2010; Karato and Wang, 2013] , but all laboratories are in agreement that water has a significant effect in enhancing conductivity by several orders of magnitude. Different laboratories have estimated the magnitude of the effect of the so-called proton conduction term in olivine (i.e., water related) on the electrical conductivity of olivine with rather different results [Wang et al., 2006; Yoshino et al., 2009; Poe et al., 2010] . Jones et al.
[2012] proposed a new model based on the above-mentioned lab studies plus additional geophysical and petrological constraints. However, recently Jones [2014] pointed out that none of the equations used by those authors to describe proton conduction is consistent with the Meyer-Neldel Rule (MNR), by which the preexponent term and the activation energy term are linearly related. Here, in order to be both inclusive and exhaustive and given that it is currently not known which water conduction model is correct, if any, we will consider three proton conduction models to estimate the amount of water in the Tibetan/Indian mantle, namely (1) Wang et al. We note that although water would have an impact on the mineral assemblage (i.e., hydrous phases) and seismic data (i.e., via seismic attenuation), at the scale of this study (ppm) its effects can be considered negligible on the seismic response. Therefore, the free parameters used in this study to characterize the lithospheric mantle are the LAB and Moho depth (controlling the geotherm) and the amount of water in the mantle (affecting the electrical resistivity distribution).
Qiangtang Terrane
For the northern part of line 500 (Figure 1) , located in the Qiangtang Terrane, the best-fitting lithospheric model found, determined through forward trial-and-error fitting, is characterized by a relatively fertile and dry composition (Mongolian composition in Table 1 ) and a lithospheric thickness of around 100 km ( Figure  5 ). The root-mean square (RMS) misfits between the observed and modelled geophysical data, representing reduced chi-square values, are equal to 1.36 for the MT data and 0.29 for the seismic data. The model is constructed from the predefined crustal 1-D inversion MT and seismic models, which are included as input for the LitMod code. Seismic attenuation and radial anisotropy have been included appropriately in the models. This best-fitting model reproduces both Rayleigh and Love dispersion curves and the MT responses in the Qiangtang area within the associated uncertainties. The average topography (4.8 km) is also reproduced by a 100 km-thick fertile lithosphere with an average crustal density of 2885 kg/m 3 (Table 2 ) and a Moho depth of 66 km as established from various seismic studies [e.g., Zhao et al., 2001; Kind et al., 2002; Kumar et al., 2006; Li et al., 2006; N ab elek et al., 2009; Yue et al., 2012] .
One surface heat flow measurement has been made in the Qiangtang Terrane, but it is far from our study area and is surprisingly low (45 mW/m 2 ) [Pollack et al., 1993 , Jim enez-Munt et al., 2008 . Our best-fitting model is characterized by a far higher SHF at 80 mW/m 2 . Thus, our model does not yield a low SHF, but no model can be found with such a low SHF that is consistent with the other observations. The crust is composed of 10 layers with gradually increasing densities.
Geochemistry, Geophysics, Geosystems For comparison, three different models with LAB depths of 80 km (red), 100 km (green), and 120 km (blue) are shown in Figure 5 . The best fitting integrated models were obtained for predefined thermal and mechanical parameters of the crust and dry mantle. The study of crustal and mantle parameters ranges of our modeling are presented for the more complex modeling of the Lhasa Terrane below.
Lhasa Terrane
In the southern part of line 500 (Lhasa Terrane, Figure 1) , the thermal lithosphere appears to be thicker than in the Qiangtang Terrane, about 140-220 km based on modeling the surface-wave data alone. For the assigned crustal parameters (Table 2 ) and a Moho depth of 75 km, we fit the average topography with a SHF of about 77 mW/m 2 (see below for a discussion on the effect of varying the crustal thickness). This SHF is slightly lower than in the Qiangtang Terrane model. However, such a cold and thick lithospheric structure is at odds with long period MT data (>1000 s), at least for a dry mantle. The lithospheric mantle is too resistive to explain the MT responses at long periods, regardless of the lithospheric thickness ( Figure 6 ).
There are several factors that can very effectively decrease the electrical resistivity of the mantle (e.g., minor conducting phases, melt or water). Here we test the hypothesis of small amounts of water (hundreds of ppm) in nominally anhydrous minerals (NAMs). Such tiny amounts of water significantly affect mantle resistivity but leave seismic velocities totally unaffected (and therefore, calculated surface-wave dispersion curves would not be affected). The hypothesis of a wet mantle below the Lhasa Block (at least its westcentral area) is further inferred by the presence of hydrous minerals (i.e., phlogopite) in some of the Fe-rich harzburgites in xenoliths from Sailipu [Liu et al., 2011 , Table 1 ].
Of all of the compositions considered in this study, only composition 4 (phlogopite-bearing Fe-rich spinel harzburgite from West Lhasa) shows evidence of hydrous minerals ( Table 1 ). Given that dry compositions have been excluded by the long-period MT data (Figure 6 ), we will assume composition 4 from Table 1 as representative of the lithospheric mantle in Lhasa. Unfortunately, the xenoliths from West Lhasa are spinel harzburgites that sample relatively shallow parts of the mantle (depths of 60-80 km). In the absence of direct information about the lithosphere below 80 km (i.e. within the garnet stability field), we will assume the composition from the hydrous spinel xenoliths in West Lhasa as representative of the whole lithosphere. We note that spinel and garnet compositions from the same xenolith locality, or based on global averages for terranes of the same age, translate into only moderate compositional, density, and seismic velocity changes [e.g., Griffin et al. 1999; Jones et al., 2014, their Table 9 ] likely to lie within the uncertainty range of the average topography we are modelling here (6200 m). Furthermore, the Fe-rich hydrous harzburgites from West Lhasa are associated with densities similar to those related to other average lherzolitic garnet compositions (for instance, composition 1 in Table 1 ). Other harzburgitic garnet compositions based on global averages (e.g., Archons or Protons according to Griffin et al., [1999] ) predict an unrealistically buoyant lithosphere impossible to reconcile with the other observables modeled here (topography, SW, SHF, and MT data). The effects of varying the mantle compositions considered in this study (Table 1) are shown in Figure 7a , where the possible variation of the predicted LAB for defined ranges of Moho depths and crustal average density is outlined. Seismic velocities are slightly affected, within experimental error, whereas the changes in the predicted topography are significant (400-900 m variation). It should be noted that mantle compositional effects on the buoyancy of the lithosphere (e.g., average topography) trade off with the assumed crustal thickness and average density (as shown in Figure 7b ), where we are presenting the possible variation of the predicted topography for defined ranges of input Moho and LAB depths and crustal average density. Disregarding water, the effect of compositional variation on the synthetic MT responses is negligible.
The effect of water on the electrical conductivity of olivine is computed according to the three proton conduction models mentioned above (Figures 8a and 8b : model 1- Wang et al. [2006] ; model 2-Yoshino et al.
[2009]; model 3- Jones et al. [2012] ). Olivine water content is the dominant parameter (olivine represents 60-85% of total mineral assemblage) and hence, in as much as its value is fixed, the water content in the other mineral phases (and hence the choice of the water partition coefficients) is a second-order parameter.
In Appendix A, we demonstrate that the considerable difference in bulk water content based on the different partition coefficients has a minor effect in the predicted MT responses, but potentially has a strong effect on geodynamical properties of lithospheric mantle [Peslier, 2010] and should not be neglected. The minor effect of partitioning on the predicted MT responses is caused by the fixed water content of olivine.
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The bulk water content for xenolith-based partition coefficients is too high and there is no evidence that such a large concentration of water can be expected in mantle rocks [Xia et al., 2010 , Kov acs et al., 2012 . Therefore, laboratory-based partitioning of water (Table 3) is assumed in the rest of the study presented below.
The average amounts of water in olivine required to fit the MT data are 40, 440, and 90 ppm for proton conduction models 1 (Karato), 2 (Yoshino), and 3 (Jones), respectively (Figure 8b ). The olivine water content translates into bulk water contents of 53, 743, and 160 ppm respectively for these proton conduction models. The Yoshino model (743 ppm total water content) can be excluded, because the implied bulk water content is far too high for lithospheric mantle rocks; measurements by Kov acs et al.
[2012] imply a maximum water content in lithospheric rocks of 190 wt ppm. In terms of the vertical distribution of water for all models above, the base of the wet layer, which extends from the base of the crust, roughly coincides with the base of the thermal lithosphere in our models (160-180 km) (Figure 9 ). The presence of water, driven by olivine water content, in the lithospheric mantle (green line in Figure 9 ) is constant from the Moho to 160 km and then decreases to the LAB depth at 180 km . This vertical water distribution is compared with a completely wet mantle and linear decrease of water content from about the Moho depth to dry values at the LAB depth in order to demonstrate the sensitivity of MT responses to different vertical water distributions. For linearly decreasing olivine water content from the Moho down to 160 km, the lithospheric mantle becomes too resistive. For a fully wet mantle with constant water content with depth, the models are too conductive to fit the MT data.
Our results for the Lhasa Block favor a wet mantle with the presence of water in the underthrusting Indian lithosphere (i.e. above 180 km depth), probably as a result of dehydration processes. We interpret the thick lithosphere under Lhasa as a result of the underthrusting of a relatively warm (at least compared to eastern Lhasa, see Agius and Lebedev, [2013] ) and wet Indian lithosphere beneath Tibet, where the lithospheric mantle would have undergone metasomatism (e.g., Fe-enrichment of a previously depleted mantle, and rehydration). Geochemistry, Geophysics, Geosystems
Discussion
The LitMod modeling approach, working within a self-consistent petrological-geophysical thermodynamic framework where mantle properties are calculated as a function of temperature, pressure, and composition, puts new constraints on models of the lithospheric mantle in central Tibet by fitting different geophysical observables and topography. Long-period surface-wave phase velocities are most sensitive to seismic wave speeds and, through them, to temperature within the lithosphere and sublithospheric mantle. They are only weakly sensitive to small amounts of water, i.e. 1 wt% (i.e., 10,000 ppm) water reduces seismic velocity by only 1% [Karato, 2006; Karato, 2011] . Surface topography is sensitive to the density distribution in the crust and upper mantle, the latter being affected by the geotherm and bulk composition. The electrical conductivity of the mantle is sensitive to temperature and water content distribution . Our modeling has integrated quantitatively the complementary sensitivities of the different data types.
In our modeling, a steady state thermal environment was assumed and the temperature distribution was calculated by LitMod based on the thermal conductivity and radiogenic heat production coefficients in the crust and mantle (Figure 10 ), and thicknesses of the crust and lithospheric mantle [Fullea et al., 2009] . The observed temperature distribution with depth in the Qiangtang Block is lower than the 700 C inferred at a depth of 18 km by a-b quartz transition [Mechie et al., 2004] and is in agreement with Qiangtang crustal temperature ranges predicted by seismic velocities [Galv e et al., 2006] . The radioactive heat generation in thickened crust contributes to an increase in middle and lower crustal temperatures, where melting can occur for temperatures exceeding the solidus curve. The earthquakes presented in Figure 3 exhibit quite a uniform distribution in the whole crust in the area of line 500. The Lhasa Block modeling exhibits colder thermal conditions that are different from other central Tibetan thermal studies [Hacker et al., 2014] , with the lower crustal temperatures similar to those of the Greater Himalaya [Galv e et al., 2006] . The MT models of our Lhasa target area exhibit highly electrically conductive structures near the very base of the crust only, with the middle and upper crust remaining resistive. This suggests a difference in thermal conditions between the lower crust and the middle/upper crust and the lack of melt beneath Lhasa target area.
The results of our integrated geophysical-petrological modeling support the underthrusting of the Indian lithospheric mantle beneath the Lhasa Block, as has been observed in seismic studies [Tilmann et al., 2003 ; Temperature central Tibet (Hacker et al., 2014) Uppermost Mantle by Pn (McNamara et.al, 1997) Xenoliths Qiangtang temp. (Hacker et al., 2014) α β -transition (Mechie et al., 2004) Qiangtang ( Geochemistry, Geophysics, Geosystems Barazangi and Ni, 1982; Brandon and Romanowicz, 1986; Bourjot and Romanowicz, 1992; Li et al., 2008a; Priestley et al., 2008; Schaeffer and Lebedev, 2013; Agius and Lebedev, 2013] . However, our thermodynamic modeling approach provides a far more robust and accurate estimate of the depth of the lithosphere-asthenosphere boundary than seismic or MT inversions alone.
The dry Tibetan Qiangtang lithosphere implies that there are no hydration processes below it leading to metasomatism. Due to the poor penetration of Qiangtang MT data, we cannot extend our models to depths below the Tibetan sublithosphere (z > 150 km). Therefore, the presence of Indian lithospheric mantle at depths greater than 150 km beneath the Qiangtang Terrane cannot be investigated with our data.
There has been broad discussion regarding the depths of earthquakes in the Tibetan region with important implications for temperature parameters and water content in the crust and lithospheric mantle [Jackson, 2002; Priestley et al., 2008; Searle et al., 2011] . The lack of deep earthquakes is likely to be related in some manner to the amount of water in the lithospheric mantle [Maggi et al., 2000] , with the water reducing the strength and viscosity of the mantle [Jackson, 2002; Lee et al., 2011] . However, the occurrence of earthquakes at sub-Moho depths south of our area of investigation [Chen and Yang, 2004; Monsalve et al., 2006] favors the idea that there are localized areas where the continental upper mantle deforms by brittle processes. There is a simpler explanation for aseismic deep structures based on temperature, where the earthquakes occur in mantle colder than 600 C [McKenzie et al., 2005] . The effect of a small amount of water on seismic velocities is insignificant [Karato, 2011] , and the seismic velocities are not affected by water content in this study from the LitMod model design. Due to the lack of deep mantle xenolith samples from central Tibet, we have no other lines of evidence to support the water content values. However, water is proving to be a common component of cratonic lithospheres at levels of tens to low hundreds of wt ppm [Li et al., 2008b; Peslier, 2010; Doucet et al., 2014] . We modeled a distribution of water where dry olivine is placed at the bottom of the Indian lithosphere, consistent with the observations of Peslier et al. [2010] for the Kaapvaal Craton. The effect of this water content distribution (<0.02 wt%) on the seismic surface phase velocities is insignificant in comparison with dry lithosphere, but significant for the deformation and evolution of the continent-continent collision [Karato, 2010] .
Recent seismic data and models from central Tibet [Liang et al., 2012; Ceylan et al., 2012; Nunn et al., 2013] bring new complexity to the mantle modeling of central Tibet. The 1-D integrated models presented here, based on lateral averages, represent a useful starting step to define a reliable 3-D physical, geodynamic, and compositional model of the area. The presented integrated modeling provides a robust averaged image of the region, which covers an area of several degrees in longitudinal and latitudinal direction around the INDEPTH 500 line constrained by different and complementary data sets.
The comparison of different proton conduction models used to test the water content partitioning in minerals shows a difference in bulk water content over a factor of 10 (see Figure 8b ). Further laboratory experiments are needed to reconcile their differences. The disparity in the laboratory observations favors laboratory studies calibrated with geophysical observations . The use of the Yoshino et al.
[2009] model, with low-conductive effects of water, results in far too high a bulk water content for real mantle rocks [Kov acs et al., 2012] to fit the MT data and we can exclude it. In all probability, the most important parameter for the conductivity of the modeled mantle is olivine water content. This study shows how water partitioning in minerals is of relatively low importance for the conductivity of mantle rock assemblages.
The MT data from INDEPTH line 500 alone were used to model in 1-D selected magnetotelluric transfer functions which exhibit high penetration depths. The presence of partial melt in lower crustal structures is inferred by a strong conductor below the northern part of the Lhasa Terrane and mid-to-lower crustal conductors in the southern part of the Qiangtang Terrane. Also, the MT-only inversions are insensitive to very resistive upper parts of the lithospheric mantle directly below the Moho, because these are ''hidden'' by conductive crustal structures [see, e.g., Figure 3 in Jones, 1999] . For the Lhasa Terrane group, the models Geochemistry, Geophysics, Geosystems show the existence of a high-conductivity layer located at a depth greater than 200 km, whereas for the Qiangtang Terrane this conductive layer appears to be located at a depth of less than 180 km. The changes between the averaged 1-D models and the nonuniqueness of models fitting the data within the error bars are the most likely reason for deeper MT LAB estimation (section 5.1) in comparison with the integrated models presented here. In our modeling, we have used fixed isotropic conductivity and seismic velocity parameters for the crust from independent MT 1-D and surface-waves phase-velocity inversions. All possible effects of crustal partial melt or fluids on geophysical observables are included in this primary input. We do not take into account the existence of partial melt in the lithospheric mantle for this simplified 1-D integrated study (i.e., the data can be explained without this hypothesis).
Conclusions
1-D integrated petrological-geophysical modeling was performed for two groups of sites; the first group in the northern part of the Lhasa Terrane (southern part of INDEPTH line 500) and the second group in the southern part of the Qiangtang Terrane (northern part of line 500). Final 1-D models suggest a LAB depth of 80-120 km of dry lithosphere in the Qiangtang Terrane. In the Lhasa Terrane, the LAB depth is about 180 km according to surface waves and topography. In comparison with MT-only modeling as described above, the lithospheric thickness is less. We consider the results of integrated modeling constrained with more geophysical observables as a far more robust estimation. The presence of small amounts of water in the lithospheric mantle (<0.02 wt%) is required to fit the magnetotelluric responses for the Lhasa Terrane, but in contrast the Qiangtang Terrane can be explained by dry mineral assemblages without resorting to the inclusion of an additional conducting component. The mantle composition in the Lhasa Terrane is compatible with a phlogopite-bearing Fe-rich spinel harzburgitic composition based on xenolith data from West Lhasa, suggesting metasomatism (e.g. Fe-enrichment of a previously depleted mantle, and rehydration as evidenced by the hydrous mineral phases). In contrast, the composition modeled in the Qiangtang Terrane corresponds to a relatively fertile and dry composition (garnet lherzolite), as commonly present in Asian mantle xenolith data (see Table 1 ). The modeling also implies low-angle subduction or underthrusting and does not indicate downwelling of the Indian lithosphere below the Lhasa Terrane, because of the inference of the existence of underlying asthenosphere.
The integrated petrological modeling suggests that south of the BNS the Tibetan Plateau consists of thick crust and thick, compact, non-cratonic Indian lithospheric-mantle with a small amount of water (Figure 11 ). The Tibetan Plateau north of the BNS is underlain by a thinner crust and thin, hot, dry Tibetan lithospheric mantle. The lack of MT data penetration in our integrated modeling leaves hypotheses of the existence of Indian lithosphere north of the BNS still open.
Appendix A
In principle, water can be differently distributed in any of the uppermost mantle minerals, so it is important to define the water partitioning between them (e.g. C [2012] both show very strong depth variations for water in olivine for the Kaapvaal Craton with maximum water content in the middle of the lithosphere at 100-120 km (of order 100 wt ppm) reducing to virtually dry (10 wt ppm) at the base of the lithosphere at 200 km, but the water content in the pyroxenes, both orthopyroxene and clinopyroxene appear to be depth-independent. These field observations imply that there is either no water partition coefficient between olivine and the pyroxenes, or that the water partitioning is depth-dependent, consistent with the observations of F erot and Bolfan-Casanova, [2012] . In contrast, recent results for the Siberian Craton show depth-independent water content in olivine with partitioning between olivine and clinopyroxene [Doucet et al., 2013] .
Here, two end-member water partition coefficient models are assumed, based on xenolith [Grant et al., 2007] and laboratory studies [Aubaud et al., 2004; Tenner et al., 2009; Inoue et al., 2010; Kov acs et al., 2012] ( Table 3) . In order to simplify our models, and given the modal abundances (i.e., olivine represents 60-90% of total mineral assemblage [Ding et al., 2007] ), we consider the amount of olivine as a free model parameter and compute the bulk, whole-rock amount of water based on the above-mentioned water partition coefficients as well as the modal distribution of the minerals, keeping in mind the restrictions associated with the solubility of water in the different minerals [e.g. Fullea et al., 2011] . Water content in garnet is assumed to be negligible, as garnet shows very little water in mantle xenoliths [Peslier, 2010] . The effect of water on the electrical conductivity of olivine is computed according to the three proton conduction models mentioned above ( The effect of the different water partition coefficients (Table 3) for the different olivine proton conduction models (1-3) is shown in Figure 8a . The average bulk water content in the lithosphere (for fixed olivine water content of 80 ppm) varies from around 526 ppm, assuming xenolith-based partition coefficients, to 141 ppm when the partition coefficients are based on laboratory studies (Table 3 ).
